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ABSTRACT 
An experimental long ·-range relative navigation system was employed 
on the Research Vessel ATLANTIS II of the Woods Hole Oceanogr aphic Ins ti 
tution durmg Cruise 8 to the Indi an O cean in 1963 and Crui se 15 which c.ir-
c urrm avi gated the globe in 196.5. 
The v ery low frequencies (VLF) transmitted by stations hav:ing 
stab1lized carriers (a few part s in 1011 ) c an b e received t hrou ghout the 
world. Navigational information is obtained from the comparison of the 
r eceived signals of t wo or mo re s t ations ·with a precision oscillator which 
serves as a referenc e . Geographical c h .anges result in phase changes 
which may be computed to longitud e and l atitude if the s t a rting point is 
known; thus, the system is relative . 
Reference poin ts could be supplied to the VLF s ystem from a satel ·-
lite r ad10 navigator that was loaned to the U. S. Navy for t h is cruise. 
B est posi tioning agreed to within t hree nautical miles fr om best ship's 
position under favorable c onditions. The V LF e quipment also was able 
to provid e (l) a measur e of shi p ' s drift on station, (2) p recise time and 
frequen cies, and (3) a m e ans for c alibrating the ship's EM log at sea. 
1. Introduction 
If an oceanographer were planning a cruise today to many part s of 
the world's oceans, he wou ld find that his navigation would depend solely 
on c elesti al fixes and o ccasional land sightings . This s ituation ex ist s in 
spite of the many electronic a i ds to navigat ion that have been d eveloped 
and which, for one reason or another, either are not av ailable or have 
insufficient r ange . If the oceanographer chooses to improvise, he might 
well consider VLF relative navigation which is available, relat ively in-
expensive, adaptable for future Omega operations, and will cover vast 
are as of the oc e ans, but not all. 
Long - range navigational information is derivabl e from the fre-
quency stabilized transmissions of v ery low frequency (VLF) radi o 
s t a tions (Pierc e , 1957) . The cont rol of their frequen cies i s usu ally by 
the combination of several atomic resonators and c ryst al oscillat ors to 
within a few parts in 10 11 By comparing the signals from two or mor e 
of these stations received on ship w ith a high precisi on oscillator for a 
refe r ence, a relative navigation system may be obtain ed . Any g eo -
gr aphi cal change from a known point results in phase changes between 
th e received signals and t he reference whic h c an be c omput ed t o l on-
gitude and latitude . This is a relative syst em since an initi al k n own 
poi n t i s required (St anbrough and Keily, 1964; Stanbrough, 1965) . If 
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the known poin t is time, longitude and latitude are not obtained ; but 
relative movement since the starting time is obtained. 
Several oceanographic institutions have conducted experiments 
us i ng the VLF transmi s s1ons with v aryi ng results. The major effort 
since 1963 i n the USA and Canada has been by Bedford Ins t itute for 
Ocear.ography, the U.S. Nc;val Oceanographic Offi .ce , S cripps Institution 
of Oceanography and Woods Hole Oceanographic Institution. T heRe-
search Vessel CHAIN (WHOI) i s now in the eastern Medit erranean wit h 
a simplified VLF system and soon will be working the hot brine areas 
of the Red Sea discovered by R/V ATLANTIS II and DISCOVERY III. 
In 1963 , ATLANTIS II made a cruise to the Indian Ocean with a VLF 
system which achieved partial success in regions as far as the south -
eastern Indian Ocean. Only s t a tions GBR, Rugby, England, and NBA, 
Panama Canal Zone , were suitable for reference because other more 
distant s tat ions more or less coincided with the GBR great circle pat h ; 
and wit h the greater range, there were periodic long path signal inter -
ferences (7, 000 -·1 0 , 000 nautical m iles from ship to s tations). 
For the world-wide cruise of ATLANTIS II in 1965 (figur e 1) , an 
improved VLF relative navigation and timing system was on board; and 
at the same time, the US Navy provided the loan of the AN/SRN - 9 
satellite radio navigator with accuracies that have been reported to 
withi n tenths of a mile . ATLANTIS II was very for t unate to have such a 
navigator on the longest cruise ever made by Woods Hole, and it was 
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o pportune for the author to check on VLF relative navigation and its 
compatibility with the satellite navigato r. One of the great difficulti es 
on previous cruises had been that: lc:nown points were few an d far bet ween 
i.:n m i d-o cean, particularly w:~th overcas t skies . Over periods of sever a l 
weeks, e r ro .r s c a u sed b y lane ambiguities, reference drift, and prop a-
gational phenomena would occUI' . With the satellite navigator, a ccurate 
po s itioning would be possible several times p er day and would provide 
s t arting and ch eck points for the relative system. At the beginning of 
t he cruise in January 1965, there were three satellite s that were oper-
able ; by Nov ember . l965, there was one. 
There ar e several impo1 t ant f actors that must be considered to 
pro perly use VLF navigation. These are the degree to which the s t a-
t i ons maint ain their frequency and station on time, the s t ability and 
reliability of t he reference oscillat or (less than 2 part s in 1011 i s 
desired) , the pr opag ational varia tions , plotting of the fix, and the 
s t: ab::.!ity and r eliability o£ the 1: ece:.ving e quipment. T h ese variations 
lim it the prec i swn of pos ~.tioning by relative techni que s f rom 0. 3 to 
3. 0 nau.ti cal m::.les over the daylight per::od of one day to sev e1'al day s. 
2. VLF St ations 
The VLF :regi ons are define d as the range from 3 to 30 k i locycles 
per s~cond (k c s ) (Dav1es, 1965) and there are seven s t ations u seful for 
VLF r elative navi gation operating between 16. 0 and 26. 1 kc s. These 
s t a tjons a re fo 1' communic ation and timing pu rposes , the Omega 
- 4 -
stations are found at 10 . 2 and 13.6 kcs. The U. S. Navy operates NAA on 
17. 8 kcs at Cutler, Maine, NBA on 24 kcs at Panama Canal Z on e , N P G 
on 18. 6 kcs at Jim Creek, Washington, NPM on 26. 1 kc s a t Hawaii , and 
NSS on 21 . 4 kcs at Annapolis, Md. The US Bureau of Standa rds operates 
WWV L on 20 kc s at Ft. Collins, Colorado. St ation GBR on 16 kc s at 
Rugby, E ngland, h as been off the air most of 1966 and has been repla ced 
by GBZ on 19.6 kcs. It i s expected that GBR will r esume t ransmitting 
of time signal s by late 1966. 
Three stations, NSS, NBA and GBR (or GBZ), give good coverage of 
the North and South Atlantic (figure 2). Other stations, such as NAA, 
WWVL, NPG and even NPM in Hawaii,can be of use in the Western 
Atlantic. In figure 3, rang e circles are drawn fo r the stations that 
provide the b e st coverage of the North Atlantic. V LF relative navigation 
i s a circular grid system and,for best results, it i s d e s ired that stations 
be selected with good inter s ecting line s, as n e a r 90 degrees as possible. 
While the V LF stations try to hold their frequencies to within a few 
· 10 11 h . ld . . th . t d parts 1n , t ere are s1gna ev1at1ons at 1n ro uce error s . This 
may be seen in figure 4 of the deviati ons of GBZ , NSS and NBA from a 
- 11 
reference of 300 x 10 for the p eriod of 15-29 June 1966 (from Daily 
V alue s of Frequencies , published weekly by the U, S, Naval Obs e r v atory, 
Washington, D. C.) . A deviation of 10 microseconds is equivalent to 
1. 62 nauti cal miles ; 6 . 18 microseconds i s equivalent to one nautical 
mile (this v alue is not constant over the VLF range but i s s ufficient fo:r 
•
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these considerations). WWVL, while not shown, hold thei r frequencies 
to + 1 microsecond; NSS and NBA deviations are small b ut s till introduce 
up to a mile error . While GBZ has great excursions shown i n t h i s 
figure, it i s expected that GBR will be much superior when transmissions 
resume. 
3 . Propagational Effects 
Very low frequencies are propagated between the earth 1 s surface 
and the D layer of the ionosphere as in a wave guide . Many aspects of 
the propagation of VLF waves t o great distances can be explained by 
wave guide theory (Budden, 1957; Blackband, 1964) . Others hav e con-
t ributed to the understanding of phase velocities and propagati onal 
phenomena (Casselman, Heritage and Tibbals, 1959 ; Taylor and Jean, 
1961; Lewis and Rasmussen, 1962; Norton, 1960 ; Wait , 1961 - 19 63) . 
It has been found that the D layer of the ionosphere has a well - defined 
boundary between 70 kilometers and 90 kilometers according t o whethe r 
it i s day or night . Mete or showers and solar flares (Chi lton , S t eel and 
Norton, 1963) may slightly affect t he s i gnals . The di u r nal phase vari a ·· 
t ions of VLF s i gnals ov er long paths repeat surpri sin gly well from day 
to day and is in the form of a t rapezoid when recorde d. At the t ransi-
tion time between sunrise and sunset, there is a possibility of slippi ng 
a phase (Walker, 1965) under unique conditions. Diurnal effects can be 
predicted (Westfall, 1961), the transition period can be det ermined 
(US Obs . 196 2), and phase slippage can be observed and correct ed. 
- 6 -
The very low frequencies suffer but little attenuation and can be 
received world-wide. The directional dependencies of propagation are 
2 dB/ 1000 k.m, west to east , and 3 dB/1 000 k.m, east to west. The one 
kilowatt signal of WWVL, Fort Collins , Colorado , has been received 
and trac ked by the author in the Mauritius area of the Indian Ocean . 
Other factors which may effect propagation are frequency, surface 
conductivity, ionospheric and magnetic disturbances, ground wave inter-
ference and local anomalies . 
4. VLF System 
The VLF relative navigation and timing system e mployed on 
R/V ATLANTIS II, Cruise 15 (figur e 5), consisted of three receivers , 
reference oscillator, digital clock, standby power supplie s , and had a 
prec ision 60 cps output. In addition, the system ope rated off a c ommon 
ship antenna (long wire), had a simulator for station off-air times, and 
the receiver outputs and ship ' s course were recorded . 
VLF phase tracking receivers, which have been developed in rece 11t 
years for timing , have the sensitivity and stability to conduct navigation. al 
exercises. They should have sensitivities of approximately 0 . 01 micro-
volt at the antenna input to the receiver and tracking errors not more 
than 0 . 5 microseconds relative to the received carrier (Baltzer , 1963) _ 
It is preferred that the re c eivers be modular for easy servicing at 
sea and that blanking circuits should be adequate against transmissions. 
of high power shipboard transmitters and lightning storms . The recei \ •e r 
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microsecond tally dia ls should read to 0.1 microseconds (98. 4ft) and a 
variable time constant of 5 to 150 seconds is desired. 
A Sulzer Model 2. 5 oscillator, with nickel cadmium standby batteries, 
was used on the R/V ATLANTIS II. This oscillator has operated continu-
ously since 1962 and has an aging coefficient of l. l in l 0 - ll At sea, it 
has been the practice to compensate for this change every other day to 
hold the oscillator to within 2. 5 microseconds (about l I 2 mile maximum 
error) . The success or failure of VLF relative navigation appears to 
rest here. If the oscillator is not compensated periodically, the fre -
quency offset becomes so great after several days that it is almost im-
possible to resolve a geographical position (Lear and Swartwood, 1 966; 
Kuehnel, 1 964). A rubidium standard, such as the General Technology 
or Varian, would resolve this problem, but the price is approximately 
$10 , 000 more than three times that of the best crystal oscillator, such 
as the Sulzer. However, for inexperienced or casual operators, an 
atomic standard would greatly simplify the task of determining VLF 
fixes. 
The digital clock and precision frequencies obtained with the VLF 
equipment are by-products that have been extremely valuable. During 
the entire cruise, the digital clock was constantly used by the ship's 
officers; and the precision frequency was used for all recorders, the 
electromagnetic (EM) log for ship's speed, timing for the shipboard 
computer , and other shipboard clocks . 
- 8 -
The recorded output of the receivers and ship's course is shown in 
figure 6. Time runs from right to left and is marked in hours GMT . 
Each excursion across the recording is 100 microseconds (16. 2 nautical 
miles) . In effect, the phase changes have been changed to time which is 
equated to miles after plotting . (It has been argued that phase changes 
referred to as time changes are confusing in describing VLF propagation 
(Crombie, 1964); however, for navigational purposes it appears more 
appropriate) . Figure 6 also shows that the readings from GBR 
are diminishing about 60 microseconds per hour, which indicates that the 
ship is approaching at a vector speed of 10 knots; NBA is increasing by 
80 microseconds per hour or about 12 knots. These dat a ar e plotted in 
figure 8. The ship's course is recorded to permit dead reckoning, if 
needed, when a station goes off the air for a scheduled maintenance. 
5 . Charts and Computer Computations 
One of the great nuisances in the use of VLF relative navigation 
has been the lack of circular grid charts. For the most part, it has 
been up to the individual investigator to make his own charts, usually 
from great circle computations (Westman, 1962). In 1963, the U.S. Naval 
Oceanographic Office prepared VLF relative navigational charts, 
VLF 30 - 67, 68, 81 and 82, of the Western Indian Ocean for the author . 
Since then,_ the digital computer at Woods Hole has been utilized to 
prepare data for chart construction. The arithmetic for a circular 
grid system is similar to Loran except that the distance between two 
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Loran Stations is set to 0 (Kirkland, 1964) . An automatic program has 
been devised at Woods Hole (Lockwood and Stanbrough , 1 966) for deter-
mining longitude and latitude points on curves of e qual distance from the 
VLF stations . Elliptical corrections are used . In figure 7 for GBR , a 
given microsecond range is in the first column and the longitude which 
has been selected is in column two; the computed latitude is given every 
200 microseconds (32. 4 nautical miles ) . Tolerance is 0. 05 nautical miles . 
The program is called automatic in that it is only necessary to change one 
card in the deck to compute new areas. It is hoped that the computer will 
be properly programmed soon to plot the points directly to a desired scale . 
However, hand plotting is not difficult; formerly the plotting of the inter-
section of range lines and marking time in microseconds was tedious and 
time consuming. 
6. Investigations 
About the time R/V ATLANTIS II reached the Indian Ocean in 1 965, 
station NBA went off the air for station overhaul and did not return to 
operation until October 196 5. This was the only station that could give 
longitude control since the signals from NPM in Hawaii, because of the 
great distance, were subject to long path interference and were in a day -
night path much of the time . It was possible to use the sun lines with the 
GBR signals to make a crude fix. In the regions to the eas t of Mauritius 
in the southern Indian Ocean NPG, Jim Creek, Washington, appear e d to have 
only a slight diurnal effect which gave the appearance of being close to the 
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station (possibly because of the nearness to the anti-pode) . The author 
departed from the cruise in Durban, South Africa, and no further 
measurements were made until Professor C . E. Menneken of the U. S. 
Naval Postgraduate School joined the ship and operate d the equipment 
from Australia to Japan. He noticed that NPM reception experienced 
s u dden unexplained drops in amplitude. Later, in Hawaii, he was able to 
compare records with the station and found that there was a correlation 
to high winds (private communication). 
The author rejoined the R/V ATLANTIS II at Panama with Mr . 
M . J. Tucker of National Institute of Oceanography, England, in 
November 1965 . Figure 8 shows the cruise track plotted from 11-13 
November . A satellite fix was taken as a reference and the data re-
corded in figure 6v:.ere used to plot the VLF fixes. Hourly Loran A 
fixes were made. For the purposes of this cruise track, the Satellite 
and Loran positions were considered the actual cruise t rack and no 
assessment was made between the two. VLF positions generally agreed 
in this portion from 0 to 3 m i les . Diurnal corrections were made to VLF 
readings before plotting ; a correction of -2. 2 microse conds / l 000 m ic ro -
secon ds travel time to stations was applied to all -night path signal s (13.5 
microseconds for each 1000 nautical miles), except fo r N BA a t 24 kcs. 
This v alue for diurnal effect has been determined from long distan ce, 
east to west, and west to east measurements of VLF signals made over 
the past three years by the author . (See Appendix for additional informa-
tion) . 
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The equipment used in these investigations is shown in figure 9 and 
is the center rack. The digital clock is at the top and the oscillator is 
just below. The output of the three VLF receivers is recorded on the 
Leeds and Northrup recorder . Antenna couplers and doppler simulators 
are at the bottom of the photograph. 
During part of the cruise in the Indian Ocean, the EM log required 
calibration, and it was possible to use GBR for the measured nautical 
miles. The ship headed on the bearing vector to the s tation {during all 
day path period) for several hours . Microsecond dial readings were 
noted to the tenths (98. 4ft':::::' 0 . l /usee) . Short-term readings were con -
sidered as well as five minute averages. There should be little or no 
surface curr ent since speed over the ground is being determined . A 
counter run of the ship over the cours e is desired. 
7 . Future Developments 
It would appear that VLF relative nav igation will not be need ed once 
satellite r adio navigation is obtained , especially if the price can be 
lowered to an equivalent cost . However, this is not the case . The 
accuracy of the satellite navigator has some dependence upon ship's 
speed. A mistake of one knot in assessing ship's ground speed induces 
an error of up to 0. 25 nautical miles. This is because a minimum of 
three periods of two minutes for each doppler measurement is made and 
must be corrected to a point. Ship's heading is necessary . Referring 
t o figure 8, the times of the satellite's fixes, November 12-1 3, 1 965, 
are slightly less than two hours for several passes then a gap of five 
•, . •, 'I"! 
a 
·~ 
~
· .... fit 
• ~- . ~~ ' ·-· . • 
Figure 9 VLF navigation and timing system on R/ V ATLANTI S II , Cru ise 15. 
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hours or so occurs . VLF relative navigation can fill thi s gap. 
On - station drift measurements can b e made assuredl y during all 
daylight paths, if the distances to the s t a tions are less than six thousand 
nautical miles, and proper angles of intersections are obtained . With 
care and at closer ranges the s ystem errors c an be kept to less than 
0. 3 microseconds per hour (equivalent to approximately 0. 05 knots). 
In the North Atlantic at reasonable ranges and during the mid-portion of 
day path signals, better results may be achieved. 
A simplified two-receiver VLF system with an X-Y recorder has 
been obtained to plot station against station rather than against time; 
and direct plots of movement on-station will be made. The r eceived 
signal from one station is applied directly to one axis of the recorder, 
and this axis b ecomes the true bearing to the station (and is l abeled as 
such on the plotting sheet). The received signal from the second station 
connects to the other axis of the recorder; it is attenuated to correspond 
to the co sine of the angle in d egrees between the two s t ations. Any small 
portion of the circular grid system may be considered straight - lined 
without serious errors at long ranges from the stations. The V LF re-
ceiver outputs permit a section 16.2 nautical miles by 16.2 n autica l 
miles to be plotted dir ectly befor e a retrace is made. It i s neces sary 
that the inputs to the X- Y recorder be reversible to accommodate s t a tions 
in various quadrants . 
- 13 -
8 Conclusion 
Under favorable conditions, VLF transmissions can provide navi-
gational fixes to within one mile and should be most valuable for making 
ship drift measurements . VLF stations and precision oscillators have 
been greatly improved in the past three years. The combination of a 
satellite navigator with VLF relative navigation is attractive for pro-
viding precision navigation during the period between passes . The 
ability to provide precise timing and frequencies for other shipboard 
uses is a us eful by-product. It is also possible to obtain Omega navi-
gation with the VLF e quipment described in this repor t by obtaining a 
commutator which is commercially available. This would permit the 
selection of Omega, Omega relative , or VLF relative navigation. 
The U . S . Naval Observatory recently releas ed information that 
minimum shift keying (MSK) would b e commenced by sever al VLF 
stations over the next few years. A slight modification may have to be 
made to present- day VLF receivers to t rack the signals for navigational 
purposes. 
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Appendix 
A NOTE ON DIURNAL CORRECTIONS FOR VLF RELATIVE NAVIGATION 
The VLF signals are propagated over great distances as in a wave guide between 
the surface of the earth and the lower part of the ionosphere, the D layer. The apparent 
height of the wave guide i s about 90 kilometer s during the night but at sunrise the layer 
lowers to a height of approximately 70 kilometers due to ionization by the sunlight . 
Effectively, the walls of the wave guide are brought closer together ; and the phase 
velocity of the signal in the wave guide is increased. 
It is worthwhile to apply diurnal corrections to the received VLF signals to reduce 
the navigational errors in the VLF relative system. For example, refer to f igure A- 1 . 
The GBR signal received at Zanzibar undergoes a phase change (indicated by the VLF 
receive rs in microseconds) of 60 microseconds (usecs). Assuming that the VLF 
signals travel one nautical mile in 6 . 18 usecs , an error of approximately ten nautical 
miles would be introduced to the nighttime positioning if the reference position was 
made during a period of all day - path reception . Figure A-2 illustrates the need for 
diurnal co rrections in the Seychelles. 
Corrections may be applied by various methods. These are : 
(l) Observing the diurnal patterns over several days while in port in an area 
of 1nterest, an averaged correction is made for a twenty-four hour period . 
(2) The time of sunrises and sunsets is determined for the stations and areas 
of interest (from the American Ephermeris and Nautical Almanac). Then 
the transition peri od for the change from day to night and n1ght to day is noted; 
i.e ., the number of hours for the change . Next, approximately 13 .5 usecs 
per thousand nautical miles is subtrac ted f rom the nighttime readings to equate 
to day-path readings . 
(3) The diurnal shift may be computed from the knowledge of the earth' s 
rotation, latitude , and longitude of stations and area of interest, etc . 
Dr . J. A . Pierce, of Harvard University, has derived expressions for 
the diurnal changes . 
A combination of (1) and (2) above was used on the ATLANTIS II cruises in 1963 and 1965 . 
In 1964, Dr . Carl Bowin, of Woods Hole, on a cruise of R . V. CHAIN, introduced the 
Pierce e quations into the shipboard computer and corrections were supplied in real 
time . 
In preparation fo r the Indian Ocean cru1se in 1963 , Tables I and II were con-
structed , having the geographical coordinates of the VLF stations and ports in the 
desired areas , the distance separating them, the time zones , a n d the time of sunrises 
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T. 
and sunsets . From these two tables, diurnal corrections could be determined and 
compared with the in-port measurement of the diurnal changes . Figures A-3 
through A-9 are examples of overlays that were h elpful to determine just when 
diurnal corrections were needed and over what periods of time. Figure A-l 0 is a 
plot of the frequency stability, time, and distance relationship which is useful for 
quick conversions in correcting the reference oscillator of the VLF system. 
In summary, at distances of 5 , 000 nautical miles from a station , one 1 s 
position would be in error by about ten nautical miles if diurnal corrections were 
not applied. It is reasonable to expect that even crude approxi mations of the diurnal 
effect will reduce the positioning errors due to this phenomena to less than 1 . 5 
nautic al miles . Another factor to be considered is that the night diurnal error is 
always in the same direction- -the indicated range from the transmitting station is 
increased . There are several semi-automatic systems that may be employed to 
make the compensation, but these methods vary with the needs of the operators 
and will not be developed here . 
The information above is not applicable to short- range reception of the VLF 
transmissions . At distances under l , 000 nautical miles, ground and sky wave 
interference often is experienced at night but can be resolved by an alert op erator . 
In the immediate vicinity of a transmitter (ground wave only) , there is no correcti on 
to be made to the received signals . 
-2-
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12 13 14 15 16 
Figure A3 Diurnal overlay for Aden, August 3, 1963 . 
BOMBAY AUGUST 13, 1963, GMT 
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Figure A4 Diurnal overlay for Bombay, August 13, 1963. 
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Fi gure A5 Di urnal overlay f or Ceylon, September 2, 1963. 
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Figure A6 Diurnal overlay for Zanzibar, September 22, 1963 . 
SEYCHELLES, SEPTEMBER 27, 1963 GMT 
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Figure A7 Diurnal overlay for Seychelles, September 27, 1963. 
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Fi gure A8 Diu rnal overl ay fo r Diego Suarez , October 17, 1963. 
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MAURITIUS, OCTOBER 27, 1963, GMT 
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Figu re A9 Diurnal overlay for Mauritius, October 27, 1963. 
LOURENCO MARQUES, NOVEMBER 16, 1963, GMT 
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Figure A l 0 Diurnal overlay for Lourenco Marques, November 16 , 1963. 
CAPETOWN, NOVEMBER 21, 1963, GMT 
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Figure All Diurnal overlay for Capetown, November 21, 1963. 
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